The purpose of this paper is to assimilate all data pertaining to the use of gonadotropin-releasing hormone (GnRH) antagonists in in vitro fertilization cycles after ovulation trigger to reduce the symptoms of ovarian hyperstimulation syndrome (OHSS). A systematic review of the literature was performed to identify all studies performed on the use of a GnRH antagonist in IVF cycle post-ovulation trigger with patients at high risk for OHSS. Ten studies were identified and reviewed. Descriptions of the studies and their individual results are presented in the following manuscript. Due to significant heterogeneity among the studies, it was not possible to perform a group analysis. The use of GnRH antagonists post-ovulation trigger for treatment of OHSS has been considered for almost 20 years, though research into its use is sparse. Definitive conclusions and recommendations cannot be made at this time, though preliminary data from these trials demonstrate the potential for GnRH antagonists to play a role in the treatment of OHSS in certain patient populations.
Introduction
In assisted reproductive technology, ovarian hyperstimulation syndrome (OHSS) carries a 3% to 5% incidence and remains a serious complication. Risk factors include polycystic ovary syndrome, young age, low body weight, increasing gonadotropin doses, high estradiol or anti-Müllerian hormone levels, and prior episode of OHSS [1, 2] . Given its iatrogenic nature, any steps that can be taken to decrease the risk and morbidity are warranted. One contributor to the mechanism of OHSS is human chorionic gonadotropin (hCG) exposure, either via ovulation trigger or by pregnancy resulting from embryo transfer. The innate ability of hCG to mimic the luteotropic effects of luteinizing hormone (LH) activity with a much longer half-life permits prolonged ovarian stimulation beyond that of normal physiology [3] . Additionally, ovarian production of vascular endothelial growth factor (VEGF) increases vascular capillary permeability, a wellknown hallmark of OHSS [1, 2] . To date, focus has been placed on reducing the rate of OHSS, particularly prior to triggering ovulation and subsequent oocyte retrieval, with emphasis on the concept of minimizing the stimulatory effects on the ovary. Some methods include the use of gonadotropin-releasing hormone (GnRH) antagonist protocol, decreasing or abstaining from gonadotropin injections ("coasting"), the use of GnRH agonist triggers, metformin, or cancelling a cycle altogether [4] . Other studies have shown benefits in interventions after the ovulation trigger, via cancelling fresh embryo transfers to avoid pregnancy, administering dopamine agonists to block VEGF activity, or other medications such as letrozole, mifepristone, or infusion of macromolecules, though the latter intervention has come with reports of increased morbidity [5] [6] [7] [8] . Interestingly, one recent study to date has investigated the use of kisspeptin as an ovulation trigger to decrease the risk of OHSS [9] . While these advances have shown some measure of benefit, OHSS remains a clinically meaningful entity, and continued research into mitigating this outcome is warranted [10] . To this end, there are a small handful of studies have investigated the use of GnRH antagonists after ovulation trigger and oocyte retrieval to reduce the effects of OHSS, and it is these data on which this paper intends to focus.
GnRH antagonists have been in use for approximately 20 years in the field of assisted reproductive technology. Firstly, use of an antagonist in an in vitro fertilization (IVF) protocol to suppress premature ovulation (known as the antagonist protocol) has been compared to the use of a GnRH agonist ("long" or "long luteal" protocol) and been shown to decrease the amount of total gonadotropin dose, days of stimulation, and risk of hyperstimulation without adverse effects on success rates [11] [12] [13] . Further, the immediate suppression of the hypothalamic-pituitary axis with an antagonist provides the option of switching from an agonist to an antagonist in cycles where patients are shown to have robust responses to the gonadotropins and thus be at higher risk for OHSS. Second, an antagonist allows for use of a GnRH agonist trigger in place of hCG, and its associated longer halflife, for ovulation trigger prior to egg retrieval, which further lowers the risk for OHSS [13] . However, it should be noted that some data suggest the use of a GnRH agonist trigger alone has lower pregnancy rates in fresh transfer cycles than compared to HCG trigger [13, 14] . Regardless, given the evidence showing risk reduction in OHSS with the use of the antagonist before the trigger, the use of the antagonist has been suggested post-trigger in high risk patients in an effort to attenuate the effects of OHSS. The purpose of this paper is to serve as a systematic review of this literature to date.
Methods
In an effort to identify studies investigating the clinical use of GnRH antagonists after the ovulation trigger to treat OHSS, a systematic literature search was conducted. Studies were identified by searching MEDLINE (January 1990-July 2016). Results were limited to peer-reviewed and English language studies only. The search strategy included the following terms: "gonadotropin releasing hormone," "GnRH," "antagonist," "ovarian hyperstimulation syndrome," and "OHSS. " Further studies were accumulated after performing review of works cited in reviewed publications. All titles and abstracts were reviewed by one author (NC). Full text review was performed by the same, as well as validation and verification by WEG. Initially, 394 studies were identified in the primary search, of which 385 were excluded due to reasons enumerated in Table 1 . The remaining nine studies were reviewed, with one additional study identified by review of the citations of previously listed articles for a total of 10 clinical studies.
Details of the studies are represented in Table 2 . As this study was a review of previously published literature, no institutional review board approval was required.
Results
The first study that investigated the use of a GnRH antagonist in treating OHSS was a case report from the Netherlands by de Jong et al. [15] in 1998. The case describes a 33-year-old patient undergoing an IVF cycle with the antagonist protocol using 0.125 mg of ganirelix that subsequently developed significant follicular growth and a high estradiol level. The cycle was cancelled, no trigger was given, and the patient instead received an increased dose of the ganirelix of 2 mg per day for 3 days which resulted in a rapid decline in the estradiol levels and improvement in the patient's symptoms.
Lainas in Greece followed this study with several reports. In these papers, he describes patients diagnosed with moderate to severe OHSS on post-retrieval day 3 to 5, using the criteria of ovarian volume > 10 cm 3 , marked ascites, hematocrit > 45%, white blood cell count > 15,000/mm 3 , or serum creatinine > 1.0 mg/dL. Of note, in all of the papers by Lainas subsequently discussed, the patients were triggered with 5,000 IU of HCG. The first of these case reports, published in 2007, describes three patients with polycystic ovary syndrome that were subsequently treated with ganirelix 0.25 mg daily, starting on post-retrieval day 3 for the next 7 days. These patients were described to have had a quick resolution of symptoms with none requiring hospitalization [16] . In 2009, a similarly designed study was performed, again with three patients treated with ganirelix 0.25 mg daily for 1 week, though this was started on all three patients on post-retrieval day 6. The study resulted in similar findings of resolution of symptoms by post trigger day 11, defined by normalization of the measured parameters mentioned above (ovarian volume, hematocrit, white blood cell count, and serum creatinine) and no hospitalizations [17] . Three other case reports by different authors were identified for this review. From the United States, Rollene et al. [18] published in 2009 a series of four patients diagnosed with OHSS on the day of retrieval that were treated with cabergoline 0.5 mg for 7 days along with ganirelix 0.25 mg daily for two doses initiated 1 to 2 days postretrieval. Patient symptoms resolved within 5 days with no reported side effects of either medications, and no urgent care visits or hospitalizations among the four patients. Bonilla-Musoles et al. [19] also published a report from Spain on six patients with OHSS treated with a much higher dose of cetrorelix 3 mg for one or two doses. Again, the authors described a rapid resolution of symptoms, and reported no requirement for paracentesis. Finally, a paper from Iran in 2012 by Hosseini et al. [20] described 13 patients diagnosed with early OHSS that were treated with cetrorelix 0.25 mg daily for two doses upon diagnosis. They were compared to a retrospective cohort of 14 controls similar in age and body mass index that had also been previously diagnosed with OHSS that were treated with cabergoline 0.5 mg daily for 7 days. In the antagonist group, only one patient required hospitalization and paracentesis, while 10 of 14 patients in the cabergoline group required hospitalization and paracentesis (7.7% vs. 71.4%, p = 0.001). It is mentioned in the paper that hospitalization was determined by severity of OHSS according to criteria of ascites, hemoconcentration, hypercoagulability, shortness of breath, or other complications such as renal failure, thromboembolism, or acute respiratory distress syndrome. However, it was not clear by which specific criteria a patient was admitted or received a paracentesis, and in a non-randomized and non-blinded study such as this, the outcomes of hospitalization and paracentesis must be interpreted with caution. Interestingly, however, the authors did note that the antagonist group tended to report resolution of all symptoms of OHSS within 1 In the case report studies, all patients were high risk; in the cohort studies, the "n" indicates the number of patients evaluated in the study and the number of parenthesis (#) indicates the high-risk population identified and subsequently studied;
b)
The type of hypothalamic suppression used, either gonadotropin releasing hormone antagonist or, with the long luteal protocol, with a GnRH agonist.
week, while the cabergoline group tended to have resolution of symptoms after 1 week. Finally, no significant side effects of medications reported in either group [20] .
In all of these studies, any potential fresh embryo transfer was cancelled due to risk of pregnancy exacerbating OHSS. However, Lainas et al. [21, 23 ] also published two papers on patients that underwent fresh embryo transfer with concurrent administration of GnRH antagonist and the birth outcomes that ensued. In the first of these two papers, published in 2009, the authors described a group of three patients diagnosed with early severe OHSS that declined cryopreservation of all embryos and consented to fresh embryo transfer along with administration of ganirelix 0.25 mg daily for 4 days starting from post-retrieval day 6. Of the three transfers, there was one biochemical pregnancy, one live singleton birth, and one live twin birth [21] . A follow-up larger study included 194 high-risk IVF patients, of which 22 developed early severe OHSS and were treated with ganirelix 0.25 mg starting post-retrieval day 5 for 3 days compared to 172 patients who did not develop early severe OHSS and were used as a control group. All had fresh embryo transfer, and there was no difference found between the experimental and control groups in live birth rate (40.9% vs. 43.6%), ongoing pregnancy rate (45.5% vs. 48.8%), duration of gestation (36.86 weeks vs. 36.88 weeks), or neonatal weight (2,392.73 g vs. 2,646.56 g), respectively [23] . Further, there were no major congenital malformations in the 14 live births in the antagonist group, and three anomalies in the 103 live births (2.9%) in the control group. As previously seen, there were no side effects in the antagonist group, and none of the patients required hospitalization, with symptoms decreasing significantly by 6 days after initiation of antagonist.
Two larger prospective studies followed, the first by Lainas et al. [22] in 2012. In this paper, 40 of 353 total patients undergoing IVF at a single center were found to develop early OHSS by post-retrieval day 5. These 40 patients were started on ganirelix 0.25 mg daily for 4 days and followed for 1 month. The authors noted a rapid decline ( < 7 days) in estradiol, progesterone, hematocrit, and overall symptoms with the administration of the antagonist as well as also reporting no required hospitalizations. Contrastingly, the largest study to date was performed by Wang et al. [25] . In this study, 4,735 patients undergoing IVF were followed, and 281 of these patients found to be high risk (defined as having > 20 follicles, an estradiol level > 8,000 pg/dL, ovarian volume > 10 cm 3 , or significant symptoms on day of retrieval) and were recruited to participate. These patients were non-randomly divided into five cohorts: 120 control patients with no treatment; 43 patients received letrozole 2.5 mg twice daily on post-retrieval day 1 to 5; 51 patients received mifepristone 25 mg twice daily from post-retrieval day 1 to 3; 39 patients received cetrorelix 0.25 mg daily from post-retrieval day 1 to 5; and 28 patients received all three medications. No differences were seen among the groups in incidence of moderate to severe OHSS, days hospitalized, paracentesis, or duration of subsequent luteal phase. The only clinically significant parameter noted was a lower estradiol level in the letrozole group and the group with all three interventions compared to the groups that had no letrozole administration [25] .
Discussion
The purpose of this paper was to provide a summary of the existing data regarding the use of a GnRH antagonist post-trigger to treat OHSS. Due to the significant heterogeneity of the above studies in design, drug (ganirelix vs. cetrorelix), dosing, and timing of administration, it was not possible to combine these data to perform any sort of group analysis. Therefore, at this time, no clear conclusion may be drawn as to the efficacy of this intervention. Though early observational studies appear promising, they are limited by study design, variation in treatment protocols, and low study population numbers, and the risk of publication bias. Moreover, the final and largest trial discussed argues against the benefit of antagonist use in OHSS, though this study had weaknesses including lack of randomization, lack of blinding, and no report on the number of patients requiring hospitalization (which was an outcome addressed in the majority of the prior studies).
Given the conflicting nature of the findings, it is prudent to investigate the biologic plausibility in the use of the antagonist in attenuating OHSS effects. Firstly, studies have shown a significant luteolytic effect in the ovary by decreasing endogenous LH secretion from the pituitary, a direct effect of the antagonist administration [12, 26, 27] . The shortening of the luteal phase via downregulation of LH activity could potentially decrease the activity in the ovary and hasten the return to baseline function [24, 26] . Second, there is substantial evidence of GnRH receptors presence on the ovary, though studies investigating the function of these receptors have shown conflicting results [24, 28, 29] . Finally, and perhaps most convincing, data have demonstrated a decrease in levels of VEGF corresponding to the use of GnRH antagonists in cell culture, animal models, and even in the human [24, 30, 31] .
With only these few studies containing small sample sizes spanning over a decade and varying in treatment protocols, any conclusion on the usefulness of a GnRH antagonist to mitigate the effects of OHSS post-trigger is difficult to make. The "birds-eye" view of these data along with the basic research demonstrating the reasonable mechanisms of action suggest that more standardized, prospective trials that are better powered, randomized, and ideally blinded, would be prudent. Any future studies would do well to consider the 24 to 36 hour half-life of the HCG used in a trigger shot, as LH activity (mim-icked by HCG in the trigger) has been shown to be the major driver in OHSS symptomatology [32, 33] . With this in mind, administration of the GnRH antagonist prior to post-trigger day 3 would likely have a blunted benefit, and therefore researchers may prefer to focus on therapy initiation around post trigger day 5 for maximum effect as shown in some of the above studies.
Recently, a guideline was published by the American Society for Reproductive Medicine on the prevention and treatment of moderate to severe OHSS, discussing important clinical practices including recognition of patients at risk, different stimulation protocols, and the use of medications such as cabergoline, metformin, aspirin, albumin, and calcium [10] . Missing from this otherwise extensive review on the subject is the option of using a GnRH antagonist after ovulation trigger as described above, highlighting an important gap in our knowledge of this iatrogenic pathology, and potential treatment options clinically available.
Finally, when considering any intervention in medicine, the risk/ benefit profile must be weighed. In the case of a GnRH antagonist, it is known to possess a reassuring safety profile. Coupled with the fact that it is not uncommon for a patient to have a few unused doses after administration of the ovulation trigger in an IVF cycle, would it not then be reasonable to recommend administering any remaining doses to a patient deemed to be "high risk" for OHSS? Based on the majority of the studies above, it appears that an antagonist can ameliorate symptoms, or at the least hasten recovery should symptoms occur as most patients saw resolution inside of 7 days. Summarily, it seems therefore a worthwhile consideration in the case of patients at high risk for OHSS manifesting mild to moderate symptoms several days after trigger to use any remaining doses of antagonist they may have from the IVF cycle. Until further studies either validate or refute these early findings, this should be considered a reasonable option in the armament against OHSS.
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